located in the segment encoding the extracellular domain of the receptor. Second, they result in a premature stop codon upstream from the region encoding the transmembrane domain, thereby precluding expression of the receptors at the cell surface. No IFNγR1 molecules are detected at the cell surface by flow cytometry with specific mAb's (2) . The cells of patients have been shown not to respond to IFN-γ in experiments with freshly prepared PBMCs (5, 7, 12) , Epstein-Barr virus-transformed (EBV-transformed) Bcell lines (13) , and SV40-transformed fibroblast cell lines (11) . Molecular complementation of the cellular defect by transfection with the wild-type IFNGR1 gene has demonstrated a causal relationship between the IFNGR1 mutations and the cellular phenotype (11) . We report herein four patients from three unrelated families with a novel form of complete IFNγR1 deficiency in which IFNγR1 molecules are expressed at the cell surface but do not bind IFN-γ.
Methods
Patients. Four patients from three unrelated families were investigated. Clinical features will be reported elsewhere. Briefly, all presented with disseminated BCG infection shortly after inoculation with live BCG vaccine. Biopsies were taken and multibacillary, poorly delimited, and poorly differentiated tissue granulomas were found in all patients (type II; ref. 14) . No other unusual infections were observed. Immunological investigation detected no classical immunodeficiency conditions that might predispose patients to BCG infection (15, 16 ). Patient I.1 was the only child born to first-cousin parents from Algeria living in France. She was vaccinated at 1 year of age, and BCG infection was successfully treated with antimycobacterial drugs for 1 year. Three months after the antibiotics were discontinued, disseminated Mycobacterium avium infection was diagnosed. Partial remission was obtained with antibiotics. The child underwent bone marrow transplantation from an HLA-identical uncle at 3 years of age and died 2 months later from a disseminated granulomatous reaction after full engraftment. Patients II.1 and II.2 were born to consanguineous Turkish parents living in Turkey. The girl (II.1) had recurrent BCG infection that responded poorly to antibiotic treatment. At 10 years of age disseminated Mycobacterium fortuitum was diagnosed. She is now 11 years old and very ill despite antibiotic treatment. The boy (II.2) had recurrent BCG infection until 8 years of age, when disseminated Mycobacterium fortuitum infection was also diagnosed. He is now 9 years old and is in partial remission with multiple antibiotic treatment. Two siblings died at 3 years of age of acute leukemia and typhoid fever. Three others, now aged 18, 21, and 25, have been vaccinated with BCG with no adverse effect and are healthy. Patient III.1 was the second child born to a French mother and a Portuguese father living in France. Disseminated BCG infection was diagnosed at an early stage and responded well to antimycobacterial drugs that have been continued. She is now 2 years of age and is currently undergoing transplantation with HLA-haploidentical bone marrow from her mother. Her older brother was vaccinated with BCG with no adverse effects and is doing well at 5 years of age.
Molecular genetics. Genomic DNA was extracted from blood cells and EBV-transformed B cells (EBV-B cells), and the IFNGR1 exons and flanking intron regions were amplified as described elsewhere (11, 17) . Exons 2, 3, and 5 were amplified using the following primers: exon 2, sense 5′-ATC TTA CAA TAA ggC TTT CC-3′ and antisense 5′-AAg gAC CTA AAC AAA AAT gg-3′; exon 3: sense 5′-CTg TgA ATA AAA AgC AAA gC-3′ and antisense 5′-AAA gCA AAC ATA CAg AAg AC-3′; exon 5, sense 5′-TgA CCA ggA CTA ATA Tgg Tg-3′ and antisense 5′-ACT gCT CCC TCT ATA TTT Ag-3′. PCR cycling conditions were as follows: 5 minutes at 94°C followed by 35 amplification cycles (1 minute at 94°C, 1 minute at 50-56°C, 1 minute at 72°C) and 10 minutes at 72°C. RNA extraction, cDNA synthesis, and IFNGR1 cDNA-PCR were performed as described previously (17) . PCR products were directly sequenced as described previously (17) .
IFNγR1 detection with antibodies and IFN-γ. PBMCs were isolated as described previously (13) . PBMCs or EBV-B cells were stained with mouse mAb's specific for human IFNγR1 or their isotypic control antibodies. They were then incubated with biotinylated rat anti-mouse antibody (Immunotech, Marseilles, France) and streptavidin-phycoerythrin (Tebu, Le Perray en Yvelines, France). Antibody GIR94 is IgG2b (Genzyme Pharmaceuticals, Cambridge, Massachusetts, USA) (18) and other specific antibodies are IgG1 and include 21/31.1 (Valbiotech, Paris, France), GIR208 (Genzyme) (18) , γR38 and γR99 (19), A6 (20) , 177.1 (21) , and IRγ2 (22) . All antibodies were independent, and all but one (GIR94) were blocking antibodies. EVB-B cells and gated monocytes were analyzed on a FACScan flow cytometer using Lysis-II or Cellquest software (Becton Dickinson Immunocytometry Systems, San Jose, California, USA). Specific binding of nonglycosylated 125 I-IFN-γ to EBV-B cell surface IFNγR1 molecules was quantified after 1 hour incubation at 4°C as described previously (17, 23) .
Early and late cellular responses to IFN-γ. EBV-B cells were cultured, activated by incubation for 30 minutes with various concentrations of recombinant nonglycosylated human IFN-γ (BioGenex Laboratories, San Ramon, California, USA), and lysed on ice as described previously (13, 24) . The mobility shift assay was performed using nuclear extracts (10 µg protein) and a 32 P-endlabeled double-stranded DNA probe corresponding to the IFN-γ response region (gamma activating sequence [GAS] ). SV-40-transformed fibroblasts were cultured and stimulated with IFN-γ for 48 hours as previously reported (11) . Cell surface HLA-DR molecules were detected by flow cytometry using specific antibodies as described previously (11) .
Results
We studied four children with unexplained mycobacterial infection. Two cases were sporadic (I.1 and III.1) and two were familial (II.1 and II.2, siblings). The three families were unrelated (I, Algeria; II, Turkey; III, France/Portugal). Given the severe clinical (early onset, overwhelming BCG and NTM infections) and histological (lepromatous-like granulomas) phenotype, mutations in IFNGR1 were sought (25, 26) . Genomic DNA was extracted from blood cells and IFNGR1 exons and flanking intron regions were amplified and sequenced.
Patient I.1 was homozygous for a small in-frame deletion encompassing nucleotides 295-306 (Tgg gTC AgA gTT), designated 295del12 (Table 1, Figure 1 ) (27) Table 1 . None of these mutations were found in 50 unrelated healthy individuals analyzed, suggesting that they are not irrelevant polymorphisms but pathogenic variants. The parents were found to be heterozygous carriers of the respective mutations, and none of the healthy siblings were homozygous or compound heterozygous for these mutations, implying that they are recessive.
Surface expression of IFNγR1 on the cells of patients was investigated by flow cytometry with eight independent human IFNγR1-specific mouse mAb's (GIR94, GIR208, 21/31.1, γR38, γR99, A6, 177.1, and IRγ2). All antibodies detected IFNγR1 on the surface of EBV-B cells from a control healthy individual, but not on cells from a previously reported patient with complete IFNγR1 deficiency caused by a homozygous IFNGR1 frameshift small deletion (131delC) (3) (Figure 2a ). The eight antibodies detected normal levels of IFNγR1 on the surface of EBV-B cells from patient I.1 ( Figure 2a ). In contrast, only one antibody (177.1) stained cells from the other three patients studied (not shown). As the staining of IFNγR1 on EBV-B cells is generally weak, freshly prepared monocytes from patients II.1,
Figure 1
A novel type of mutation in the IFNGR1 gene. The IFNGR1 gene-coding region is indicated with vertical bars separating the exons, designated by roman numerals. Mutations in red (nonsense and splice mutations and frameshift insertions and deletions; recessive) have been reported elsewhere and cause complete IFNγR1 deficiency with no detectable expression of IFNγR1 at the cell surface. Mutations in purple (I87T, recessive) and green (818delT and 818del4, dominant) have also been reported elsewhere and cause partial, as opposed to complete, IFNγR1 deficiency. Mutations in blue (missense mutations and in-frame deletions; recessive) are reported in this study and cause complete IFNγR1 deficiency with detectable surface expression of IFNγR1. (Figure 2b ; not shown). Three antibodies (GIR94, γR38, γR99) did not stain monocytes from patient III.1, unlike the other five antibodies (not shown). Thus, the surface expression and overall conformation of the IFNγR1 receptors encoded by the mutant IFNGR1 alleles identified in the four patients under study were not abnormal. However, the mutations seemed to have altered various epitopes recognized by the mAb's. We investigated the affinity of these surface-expressed mutant IFNγR1 molecules for human IFN-γ. EBV-B cells from three patients (I.1, II.1, III.1), a healthy control, and a patient with no IFNγR1 expression (3), were incubated with nonglycosylated 125 I-IFN-γ. These cell lines do not secrete detectable amounts of IFN-γ when analysed using ELISA (not shown). No specific binding of recombinant IFN-γ was observed with cells from patients I.1, II.1, III.1, or a patient with no IFNγR1 expression ( Figure 3 ). In contrast, cells from a healthy control expressed receptors with a high affinity for IFN-γ. Thus, the patients' cells do not bind IFN-γ, presumably because membrane-bound IFNγR1 molecules are mutated. The binding of glycosylated IFN-γ was not determined, but it is expected to reflect that of the nonglycosylated form (28) . The mutant cell surface receptors encoded by the 295del12 (patient I.1) and C77Y (patients II.1 and II.2) alleles seem to have completely lost their capacity to bind IFN-γ. Because two mutant IFNGR1 alleles (V61Q and 652del3) were identified in patient III.1, it is unclear whether only one or both mutant receptors are expressed at the surface and therefore whether only one or both cannot bind IFN-γ.
We investigated whether the patients had IFNγR1 deficiency and, if so, whether it was complete or partial, by studying cellular responses to IFN-γ. EBV-B cells from three patients (I.1, II.1, III.1), a healthy individual, a patient with complete IFNγR1 deficiency and no IFNγR1 expression (3), and a patient with partial dominant IFNγR1 deficiency (17) were stimulated with IFN-γ, and nuclear translocation of STAT-1 was detected by electrophoretic mobility-shift assay. No GAS motifbinding proteins were detected in the cells of the three patients, even if these cells were incubated with high concentrations of IFN-γ (10 5 IU/mL) for 30 minutes before the preparation of a nuclear extract and its electrophoresis (10 µg) (Figure 4a ). In the same experiment, no STAT-1 was detected in cell nuclei from a patient with no IFNγR1 expression and complete IFNγR1 deficiency. In contrast, STAT-1 molecules were detected in nuclei from a healthy control, and, at a lower level, in a patient with partial dominant IFNγR1 deficiency.
We then investigated a more distal event, the induction of HLA-DR molecules on the surface of SV-40-transformed fibroblasts after 48 hours of stimulation with IFN-γ. No HLA-DR molecules were detected by flow cytometry using specific antibodies, if cells from patient III.1 or another patient with no IFNγR1 expression and complete IFNγR1 deficiency (mutations 107ins4 and 200+1 G → A) (11) were stimulated with high concentrations of IFN-γ (5 × 10 4 IU/mL) (Figure 4b) . In contrast, HLA-DR molecules were detected on control fibroblasts following exposure to low (not shown) and high (Figure 4b ) concentrations of IFN-γ. Fibroblasts from patients I.1, II.1, and II.2 were not available. Even though one cannot strictly exclude the possibility that an IFN-γ-triggered signal may be detected in other experimental conditions, these results strongly suggest that the patients under study have complete IFNγR1 deficiency. Surface expression of IFNγR1 molecules is normal, but the capacity to bind IFN-γ at high affinity is completely lost, accounting for the lack of detectable cellular response to IFN-γ.
Discussion
Previously reported mutant IFNGR1 alleles associated with complete IFNγR1 deficiency (nonsense and splice mutations and frameshift deletions and insertions) give a premature stop codon upstream from the segment encoding the transmembrane domain, thereby precluding surface expression of the receptor ( Figure  1) (3, 5-7, 11) . As a result, the cells do not respond, even to high concentrations of IFN-γ. We report herein four patients from three unrelated kindreds with a novel form of complete IFNγR1 deficiency in which mutant IFNGR1 alleles encode cell surface receptors that do not bind IFN-γ ( Figure 5 ). Four alleles were found with either small in-frame deletions (deletions 295del12 and 652del3) or missense mutations (V61Q and C77Y) in the segment encoding the extracellular, ligand-binding region (Figure 1 ). Mutations 295del12 and C77Y (homozygous) and 652del3 and/or V61Q (compound heterozygous) did not affect overall tertiary structure and transport to the cell surface, but did prevent recognition of the encoded cell surface receptors by their natural ligand, IFN-γ. Cells from the patients therefore did not respond, even to high concentrations of IFN-γ, as shown by analysis of both early (nuclear translocation of STAT-1) and late (surface induction of HLA-DR) activation events.
This novel form of IFNγR1 deficiency also contrasts with partial recessive (13) and partial dominant IFNγR1 deficiency (17) , in which the function of detectable cell surface receptors is impaired but not abolished (reviewed in refs. 29-32) ( Figure 5) . A recessive IFNGR1 missense mutation (I87T) has been found in one family (13) and dominant small deletions (818del4 or 818delT) in 12 unrelated families (17) . The receptors encoded by the I87T allele are detected on the surface of monocytes (13) and probably bind to IFN-γ with lower affinity than the normal receptors (the mutation is in the segment encoding the extracellular domain of the receptor). The mutant alleles 818del4 and 818delT encode truncated, IFN-γ-binding receptors that accumulate at the cell surface and do not transduce signals, thereby exerting a dominant-negative effect (17) . Normal (13) or larger than normal (17) numbers of receptors are detected at the cell surface. The functional defect is only partial, because high concentrations of IFN-γ trigger cellular responses. In the patients reported herein and in patients with partial (dominant and recessive) IFNγR1 deficiency, cell surface IFNγR1 molecules are detectable. However, there was a complete lack of cellular response to IFN-γ only in the four patients studied herein. These results provide further evidence that the IFNGR1 genotype correlates with the cellular, histological, and clinical phenotype ( Figure 5 ). Mutations causing complete IFNγR1 deficiency (irrespective of the presence of surface receptors) are associated with lepromatous-like BCG granulomas and a very severe clinical outcome, contrasting with the tuberculoid granulomas and much better prognosis associated with mild mutations and partial IFNγR1 deficiency.
What is the molecular mechanism underlying the loss of IFN-γ-binding capacity? Patient III.1 is a compound heterozygote, and it is therefore unclear whether nonfunctional surface receptors are encoded by V61Q, or 652del3, or both alleles. Patients I.1 and II.1/2 are homozygous for the 295del12 and C77Y alleles, respectively. The two alleles therefore produce surface receptors that do not bind IFN-γ. The mutations (C77Y, 295del12) affect amino acid residues (63 and 85-88, respectively) in the first domain (encompassing residues 17-105) of the extracellular region of the mature IFNγR1 protein (28) ( Table 1) . A previous study in which the binding of chimeric mouse and human IFNγR1 molecules to human IFN-γ was tested (33) , showed the first domain and, to a lesser extent, the second domain, to participate in IFN-γ-binding. Crystallographic studies determined the three-dimensional coordinates of an IFNγR1-IFN-γ complex (28) . More accurate resolution of an IFNγR1-IFN-γ complex may be obtained in the near future (28, 34, 35) . Mutation C77Y does not alter known contact points between the cytokine and its receptor. The substitution of Cys 63, however, breaks a disulfide bridge with Cys 71, required to maintain the IFN-γ-binding site intact, as shown previously by site-directed mutagenesis of Cys 63 → Ser, which abolished binding to IFN-γ (36). Mutation 295del12 alters at least one known
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The contact point between IFNγR1 and IFN-γ. Crystallography showed that Trp 85 in IFNγR1 forms a hydrogen bond with Gly 18 in IFN-γ (28) . This probably explains why the deletion of a stretch of four amino acids including Trp 85 (deletion 295del12) greatly reduces the affinity between the two moieties. Overall, the observed effect of the two mutations is consistent with the available structural data. Why do the IFNγR1-specific mAb's have different recognition patterns for the mutant receptors 295del12 and C77Y? Mutant 295del12 was recognized on EBV-B cells by all eight specific antibodies tested, whereas mutant C77Y was recognized only by the 177.1 antibody. On monocytes, however, mutant C77Y was recognized normally by three antibodies (γR99, A6, 177.1). The epitopes recognized by A6 and γR38 have been mapped to the first domain, whereas that recognized by γR99 maps to the second domain (37) . The epitopes recognized by the other mAb's (GIR94, GIR208, 21/31.1, 177.1, and IRγ2) have not yet been mapped. The epitope recognized by A6 has been investigated extensively in recent years by sitedirected mutagenesis and crystallography (37) (38) (39) (40) (41) (42) . A6 recognizes a conformational epitope stabilized by Cys 63 (38) . The C77Y mutant is recognized on monocytes but not on EBV-B cells by A6, suggesting that Cys 63 and the Cys 63-71 disulfide bridge are important but not essential in the folding of the A6 epitope. A short segment (residues 14-111) in the first domain is well recognized by A6 (39) , and several residues, including Trp 85, have been found to be critical for A6 binding (41) . However, the 295del12 mutant (lacking residues 85-88) was detected by A6, suggesting that the lack of residue 85 was compensated for by the loss of the three neighboring residues. The epitope recognized by γR38 was found to overlap that recognized by A6, accounting for their similar recognition of the mutant 295del12 (19, 36, 38, 39, 41, 42) . Interestingly, the C77Y mutant was not recognized by γR38, even on monocytes, suggesting that Cys 63 and the Cys 63-71 disulfide bridge are essential for the folding of the γR38 epitope. The epitope recognized by γR99 has been mapped to the interdomain region and second domain (19, 36, 38, 41, 43) . This probably explains why 295del12 and C77Y receptors, altering residues in the first domain, are recognized by γR99. Our studies further suggest that residues 85-88 (deletion 295del12) are not essential for interaction with the five other antibodies tested, whereas Cys 63 (C77Y) is essential for recognition by one other antibody (GIR-94) and important for recognition by three other antibodies (21/31.1, GIR208, and IRγ2). Nevertheless, Cys 63 is not essential for recognition by the 177.1 mAb.
Clinically, previous reports have suggested that complete IFNγR1 deficiency can be diagnosed or excluded by flow cytometry with IFNγR1-specific antibodies (3) (4) (5) (6) (7) (8) 11) . The mutations characterized herein demonstrate that the detection of IFNγR1 molecules at the cell surface is not sufficient to exclude a diagnosis of complete IFNγR1 deficiency ( Figure 5 ). Even the normal detection of surface IFNγR1 with one or more of the seven blocking antibodies tested, as seen with our four patients, does not exclude mutations in the IFN-γ-binding site causing complete IFNγR1 deficiency. Moreover, the cells from one patient were recognized by all mAb's tested, showing that subtle mutations may disrupt the IFN-γ-binding site without altering as many as eight epitopes, including epitopes that probably overlap with the cytokine-binding site of the receptor.
Previous studies have suggested that missense mutations are associated with partial, as opposed to complete, IFNγR1 deficiency (13) . Our study demonstrates that the identification of a recessive missense mutation or an in-frame deletion in IFNGR1 is insufficient to exclude complete deficiency. Functional assays should be performed, such as quantification of TNFα production by freshly prepared blood cells stimulated with IFN-γ (5, 12), detection of STAT-1 phosphorylation in stimulated freshly prepared monocytes (43) , detection of STAT-1 nuclear translocation in stimulated EBV-B cells (13, 17) , or detection of HLA-DR induction on the surface of stimulated SV40-transformed fibroblasts (11, 13, 17) . Cellular responses to low and high concentrations of IFN-γ should be tested to differentiate complete and partial IFNγR1 deficiency. Accurate molecular diagnosis by biochemical, functional, and genetic studies is of the utmost importance for predicting clinical outcome and guiding the treatment of patients. Partial and complete IFNγR1 deficiency differ markedly in prognosis and treatment. IFN-γ treatment may be offered to patients with partial IFNγR1 deficiency, whereas bone marrow transplantation is the only curative treatment available for patients with complete IFNγR1 deficiency. This study stresses the importance of accurate molecular diagnosis of the underlying inherited disorder for the rational treatment of patients with mycobacterial disease.
